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Polarized cells, such as neuronal, epithelial, and
fungal cells, all display a specialized organiza-
tion of their microtubules (MTs). The interphase
MT cytoskeleton of the rod-shaped fission
yeast, Schizosaccharomyces pombe, has been
extensively described by fluorescence micros-
copy. Here, we describe a large-scale, electron
tomography investigation of S. pombe, includ-
ing a 3D reconstruction of a complete eu-
karyotic cell volume at sufficient resolution to
show both how many MTs there are in a bundle
and their detailed architecture. Most cytoplas-
mic MTs are open at one end and capped at
the other, providing evidence about their polar-
ity. Electron-dense bridges between the MTs
themselves and between MTs and the nuclear
envelope were frequently observed. Finally,
we have investigated structure/function rela-
tionships between MTs and both mitochondria
and vesicles. Our analysis shows that electron
tomography of well-preserved cells is ideally
suited for describing fine ultrastructural details
that were not visible with previous techniques.
INTRODUCTION
Cells are seldom round or symmetric. Classic examples of
cells with differentiated shapes include neurons and epi-
thelial cells, but small cells, like yeasts and bacteria, also
show growth polarity (Drubin and Nelson, 1996). In such
polarized cells, the MT cytoskeleton and its associated
proteins (MAPs) are fundamental elements that support
cell-shape generation and maintenance. Thus, it is not
surprising that fission yeast has become an important
model organism for studies on the role of MTs in cell mor-
phogenesis (Hayles and Nurse, 2001; La Carbona et al.,
2006; Sawin and Tran, 2006).
Cytoplasmic MTs in fission yeast have been extensively
analyzed by lightmicroscopy (LM) and, in a few studies, by
conventional electron microscopy (EM) techniques, but
knowledge of the precise structural arrangement of these
MTs has been lacking. LM analysis has described the fis-Developsion yeast interphase MT cytoskeleton as three to six MT
bundles arranged along the long axis of the cell. These
bundles appear to meet as pairs in the middle of the
cell, forming a narrow zone of antiparallel overlap between
MTs, whose plus ends extend toward opposite ends of the
cell (Drummond and Cross, 2000; Sagolla et al., 2003;
Tran et al., 2001). MT growth has been seen to slow
down for some time at the cell ends before the MTs un-
dergo rapid depolymerization (Drummond and Cross,
2000; Grallert et al., 2006; Tran et al., 2001). During this pe-
riod, polaritymarkers such as Tea1 and Tip1 are deposited
at the cell tip. If production, delivery, or anchoring of these
proteins is inhibited, the cells show abnormal growth pat-
terns, creating branched or bent cells (Behrens andNurse,
2002; Brunner and Nurse, 2000; Feierbach et al., 2004;
Mata and Nurse, 1997; Snaith and Sawin, 2003).
The minus ends of MTs are less dynamic than their plus
ends (Mitchison and Kirschner, 1984). In fission yeast,
these are localized in the nuclear area of MT overlap,
also called the interphase MT organizing center (iMTOC).
Until now, iMTOCs have not been defined as discrete
structures in fission yeast. MT minus ends are thought to
be stabilized with a g-tubulin ring complex (g-TURC) that
caps the MT tip (Keating and Borisy, 2000; Moritz et al.,
2000; Wiese and Zheng, 2000). g-tubulin and other com-
ponents of the g-tubulin ring complex (g-TURC) localize
to the SPB (Ding et al., 1997) and to moving particles, re-
ferred to as satellite MTOCs (Janson et al., 2005; Sawin
et al., 2004; Zimmerman and Chang, 2005; Zimmerman
et al., 2004). Some of these satellite MTOCs are thought
to actively nucleate MTs while moving bidirectionally
along existingMTs (Janson et al., 2005), but most are con-
centrated in the iMTOC region (Sawin and Snaith, 2004;
Zimmerman et al., 2004). iMTOCs also appear to attach
to the nuclear envelope, although the mechanism of this
attachment is still not known (Tran et al., 2001).
EM serial section studies have shown that a variable
number of MTs are laterally bound to each interphase
SPB (Ding et al., 1997; Uzawa et al., 2004). Since it is
not possible to identify the polarity of MTs in such conven-
tional EM analysis, Ding and coworkers suggested that
the variability ofMT number could be due toMT nucleation
or possibly MTs nucleated elsewhere and ending in this
region. Recent evidence suggests that the S. pombe
ASE1/PRC1/MAP65 homolog, ase1p, bundles interphase
MTs and also facilitates the maintenance of MT minus
ends at the overlap region. A model in which Ase1 formsmental Cell 12, 349–361, March 2007 ª2007 Elsevier Inc. 349
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(Loiodice et al., 2005; Yamashita et al., 2005), but Ase1
is probably not the sole MT bundler in fission yeast
(Carazo-Salas and Nurse, 2006; Daga et al., 2006). It has
been shown that Klp2, aminus-directed kinesin-likemotor
protein, slides MTs of opposite polarity (minus ends out)
away from the cell periphery and toward the iMTOC
(Carazo-Salas et al., 2005).
Correct positioning of organelles is essential for cell di-
vision and often depends on MTs. Here, we analyzed the
function of MTs in organelle positioning by measuring
the 3D association betweenMTs andmitochondria or ves-
icles respectively. Mitochondria in fission yeast are orga-
nized as large, branched networks that shrink and grow
together with MT (de)polymerization (Yaffe et al., 1996,
2003). To our knowledge, we present here the first high-
resolution study confirming this interaction.
Endocytosis, exocytosis, and intracellular trafficking
between membrane-bound organelles inside the cell in-
volve functionally distinct trafficking vesicles adapted to
dock and fuse with defined target membranes. These ves-
icles are commonly transported along MTs and mediate
the regulated delivery of membrane components, as well
as vesicular content (Bonifacino and Glick, 2004; Lippin-
cott-Schwartz, 1998; Takamori et al., 2006). However,
during yeast endocytosis, actin patches are formed at
the sites of internalization and have been seen around ves-
icles in EM studies (Gachet and Hyams, 2005; Kaksonen
et al., 2005; Kanbe et al., 1989; Takagi et al., 2003). These
actin patches and late secretory vesicles are transported
within the cell along actin cables (Feierbach and Chang,
2001; Huckaba et al., 2004; Pelham and Chang, 2001).
In fission yeast, MTsmight play a role in Golgi to endoplas-
mic reticulum (ER) membrane recycling through the kine-
sin like protein Klp3, as well as in stacking Golgi cisternae
(Ayscough et al., 1993; Brazer et al., 2000). However, se-
cretion is not affected by the loss of MTs (Ayscough
et al., 1993). In this study, we examine the role of fission
yeast MTs in vesicular trafficking based on an ultrastruc-
tural analysis by electron tomography.
Moreover, we illustrate the three-dimensional bundle
architecture and distribution of cytoplasmic interphase
MTs. For this purpose, we have developed a large-scale
ET approach that yields reconstructions of significant
parts of cells and even whole-cell volumes at a resolution
where MTs and their end structures are clearly visible
(Ho¨o¨g and Antony, 2007). The number of MTs in a bundle
has been quantified and MT polarity identified; we also
describe links between MTs and bridges between MTs
and other cytoplasmic components. This work opens a
new window on the study of cellular architecture at high
resolution.
RESULTS
Spatial Organization of MT Bundles
and Quantification of Tubulin Polymer
We cryoimmobilized cells in log-phase growth by high-
pressure freezing and then fixed them by freeze substitu-350 Developmental Cell 12, 349–361, March 2007 ª2007 Elsevtion and embedded them in acrylic resin. Plastic embed-
ded cells were sectioned into 250 nm thick slices from
which tilt series were acquired (±60–65, 1.5 increment).
Large volumes were reconstructed by tomography on 17
different wild-type cells; one of these was reconstructed
completely. Using the 3D imaging capabilities of ET, we
tracked the MTs through serial sections and measured
their lengths. Short interphase cells (7–9 mm; pre-‘‘new
end take-off’’) were chosen to exclude the cells that could
have been preparing for mitosis.
In the whole-cell volume, reconstructed from 15 mon-
taged serial tomograms, we found 16 MTs arranged in
three bundles (Figure 1A and Movie S1; see the Supple-
mental Data available with this article online). The cumula-
tive length of polymerized tubulin in this cell was 34.5 mm.
Due to the exact measurements of MTs and cell volume in
this full-cell reconstruction, we could calculate the con-
centration of polymerized tubulin. Assuming 13 protofila-
ment MTs, since the diameter of S. pombe MTs is 25 nm
(Schwartz et al., 2003), the total concentration of polymer-
ized tubulin was 2.78 mM in this cell (total volume 33.5 mm3
of which nucleus was 3.16 mm3, mitochondria 1.23 mm3,
and vacuoles 2.21 mm3).
We selected four cells for further analysis and found
that most MTs are short, with an average length of
1.64 ± 1.43 mm (n = 70) (Figure 2). (N.B.: The high SD is
due to the large variation in MT length; the longest MT
was almost 6 mm, and the shortest only 70 nm.) No single
MT extended the length of the whole cell. From the expo-
nential fit (Figure 2F), we found that the average MT length
was 22% of the cell length.
Average length of a MT bundle was 4.97 ± 1.39 mm (Ta-
ble S1). In the region around the nucleus, bundles con-
tained several MTs, consistent with this region being the
iMTOC region. However, only a few single MTs extended
from this region toward the cell ends. This organization
was characteristic of larger bundles (Figures 1B and 1C
and Movie S2). The average numbers of MTs in a bundle
was 4.4 ± 2.6 (n = 28 bundles), but MTs were often found
singly or in pairs (6 of 28 bundles). Most of the single MTs
were lying by themselves in the cytoplasm (Figure 1D), and
in this analysis, only two out of six showed a connection to
the nuclear envelope (Figure 1E). We suggest that these
single MTsmight arise through separation from other bun-
dles, from cytoplasmic nucleation, or deattachment from
the nucleus, as described in live cells (Carazo-Salas
et al., 2005; Carazo-Salas and Nurse, 2006; Daga et al.,
2006).
The shortest cell we studied showed a distinctive orga-
nization with two bundles not connected to the nucleus
and very long MTs that connected to the cell’s tips
(Figures 1F and 2A). It is possible that this cell had not
yet completely established its interphase array after
cytokinesis.
Microtubule Polarity Can Be Determined by Polymer
End Structure
In previous tomography studies, based on specimen
preparation techniques like those used here, MT endier Inc.
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S. pombe Interphase MicrotubulesFigure 1. 3D Model of Interphase MT Bundles
MT end structures are indicated by colored caps: red (capped end), turquoise (flared end), yellow (sheet), blue (blunt end), andwhite (ambiguous end).
The NE is shown in transparent pink. (A) A reconstruction of a complete cell volume that contains three interphase bundles (green) and a total of 16
MTs. Splaying ofMT bundles ismarkedwith red arrowheads. (B) A typical example of a larger MT bundle. Short MTs detached from the nuclear region
are marked with white arrowheads. Turquoise arrowheads mark MTs where both ends are open. (C) SPB (yellow) bundle with a typical MT arrange-
ment. (D) A single MT not associated with the NE. (E) OneMT (pink arrowhead) attached to the NE and crossing an SPB-associated MT bundle. (F) An
unusual example where the bundle is not attached to the NE, and the overlap region is shifted closer to the cell’s tip. White bar, 1 mm.structures that correlate with polymer polarity could be
identified (O’Toole et al., 1999, 2003). Five representative
end structures and simplified representations of them
are shown in Figures 3A–3F. In O’Toole et al.’s studies,
capped or closed MT ends were adjacent to the SPB or
centrosome, where the minus end resides. Open endDevelopstructures are commonly found at the MT plus ends,
although some have also been found at MT minus ends
near the centrosome (O’Toole et al., 2003). We also found
MTswith two open ends, confirming this finding (turquoise
arrows in Figure 1) and implying that there is a subpopula-
tion of MTs with dynamic minus ends.mental Cell 12, 349–361, March 2007 ª2007 Elsevier Inc. 351
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S. pombe Interphase MicrotubulesFigure 2. MT Lengths
(A–D) Bundles of MTs from four different cells are depicted as groups of black and gray bars, where each bar represent one MT. The bundle asso-
ciated with the SPB is marked with a star. Cells that are: (A) 6.7 mm, (B) 7.4 mm, (C) 7.7 mm (full cell volume), and (D) 7.9 mm in length.
(E) Histogram of MT lengths (all MTs in [A]–[D] pooled) showing that most MT are 0–1 mm long.
(F) The line shows an exponential fit to the cumulative number of MTs per length interval, where each interval (bar) represents 4% of the cell length.
Each bar contains all MTs that are longer than the x value of that bar. The sum of square errors of the fit was 0.011.In fission yeast, the majority of capped (minus) MT ends
(red spheres in Figures 1A–1F) were in close proximity
to the nucleus. There was, however, no apparent object to
serve as a point of MT nucleation; this made it difficult to
fit this high-resolution MT organization into the two anti-
parallel bundles suggested by LM studies.
Interestingly, in some instances (n = 10 of 70) MTs were
completely disconnected from the nuclear region. These
were typically short polymers oriented along other MTs.
On these short polymers, clearly capped (minus) ends
(n = 3) were found oriented toward the cell center in two
cases, but we also found one MT of opposite polarity (Fig-
ures 1B, 1C, and 1F, white arrowheads). However, the MT
of opposite polarity was still within an iMTOC region that
had shifted away from the nucleus (Figure 1F).352 Developmental Cell 12, 349–361, March 2007 ª2007 ElseMicrotubules Touch the Plasma Membrane
Microtubules are necessary for the correct positioning of
the nucleus, as well as other organelles in the cell
(Ayscough et al., 1993; Daga and Chang, 2005; Tran
et al., 2001; Yaffe et al., 1996). To push against cytoplas-
mic organelles, like the nucleus, the MTs must interact
mechanically with the cell cortex. Additionally, polar
growth of fission yeast cells depends on the cytoskeleton
and a few gene products, like Tea1 and Tip1, that are
delivered to the cell tip by the MTs (La Carbona et al.,
2006; Sawin and Tran, 2006). It was therefore of great
interest to examine the exact subcellular location and
structure of MTs as they made contact with the plasma
membrane at the cell tips. We found six MTs in direct
physical contact with the plasma membrane, each ofvier Inc.
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S. pombe Interphase MicrotubulesFigure 3. MT End Structures and Interactions
(A) A capped MT end with attached filaments (white arrowhead).
(B–E) Open MT ends; (B) blunt, (C) flared, (D) curled, (E) sheet.
(F) Cartoon of MT end structures.
(G) Tomographic slice with the 3D model projected on top. The highlighted squares show the regions studied in (H)–(L), where MTs are in close
association with nuclear envelope (green), have bridges between themselves (blue), or touch the plasma membrane (red).
(H) MTswith interconnecting electron-dense bridges (white arrow). A forked bridge is indicated by a black arrow.MT polarities are indicated with a red
(capped end), turquoise (flared end), blue (blunt end), or white circle (ambiguous end).
(I) Nuclear envelope with bridges (white arrows) connecting from the outer bilayer to the MT.
(J) Tomographic snapshot of a flared MT tip in direct contact with the PM.
(K) 3D model of protofilament structure at one MT end (each 2 nm thick).
(L) An occasion where a capped MT end is connected to another MT by a strong electron-dense bridge (white arrow). All MT snapshots are at the
same scale: bar, 100 nm. White bar, 50 nm.
(M) Distribution of MT end structures in S. pombe.
(N) End structure of the longest MTs in a bundle (for comparison with dynamics derived from LM).which had a flared end (Figure 3J). A 3D model of the
MT tip was made on each computational slice of the
tomogram (ca. 2 nm thick) to exclude the possibility
that the flared MT end was simply electron-dense
noise (Figure 3K). The presence of the density in each
section confirmed the flared structure as a true MT end
structure.
The flared structure has been associated with depoly-
merizing MT ends (Mandelkow et al., 1991). However,
MT ends at the plasma membrane commonly continue
to grow for1 min (D. Foetkhe, personal communication).DeveloTo correlate MT end morphology with the polymer’s dy-
namic state at the time of freezing, we determined the
fraction of total MT ends (n = 88) (Figure 3M) that showed
particular structures. Further, we quantified the end types
of the longest MT in each bundle separately (n = 14) (Fig-
ure 3N) since this is the MT dynamic measured using fluo-
rescence microscopy. We found that 79% of the longest
MT’s ends were flared. Since MT growth is slower than
shrinkage, at steady state, there should bemore polymers
growing than shrinking, so growing MTs in S. pombemay
be flared (see Discussion).pmental Cell 12, 349–361, March 2007 ª2007 Elsevier Inc. 353
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and with the Nuclear Envelope
In order for MTs to push the nucleus to the center of the
cell, there must also be a physical connection between
MTs and the nucleus. Studying the nuclear region in our
tomograms (Figure 3G), we found electron-dense filamen-
tous bridges 25–30 nm long between the outer lipid bilayer
of the NE and MTs (Figure 3I, white arrows). Putative con-
necting bridges between MTs and the NE were found only
onMTs that were closest to the nucleus.We suggest these
structures might be physical links enabling the MTs to
position the nucleus.
We saw no electron-dense area around the capped MT
ends, but on one occasion, a thick, electron-dense bridge
was seen connecting the middle of one MT with the minus
end of a parallel MT (white arrow in Figure 3L). In other
cases, filamentous structures were associated with the
capped MT ends (white arrowhead in Figures 3A and
3H). Some of the MTs in a bundle have similar electron-
dense structures connecting them (Figure 3H). These
bridges are about one MT diameter long, and they are ori-
ented at diverse angles relative to the MTs. Additionally,
forked structures were seen (black arrow in Figure 3H).
Finally, bridges could be seen between both parallel and
antiparallel MTs.
We hypothesized that the electron dense bridges might
act as either spacers or bundlers of MTs. If so, one could
predict the distance between the MTs to be constant. To
examine whether the length of the filamentous bridges
corresponds to the preferred minimum distance between
MTs, we performed a neighbor density analysis (nda). 3D
models of bundles were used to determine the relative dis-
tances between MTs in regions with three or more MTs.
Figure 4A shows a schematic representation of one such
bundle that was analyzed (Figure 4B and Movie S3). The
preferred minimum distance was 25–30 nm, surface to
surface, with an additional small peak at around 50–60 nm
(Figure 4C).
Bundles Associated with SPBs Contain More MTs
We reconstructed 12 SPBs in their entirety, including all
the attached MTs, which confirmed the lateral association
of MT with both single and duplicated SPBs (Figures 5A
and 5E). In 11 cases, only one of the MTs in a bundle
seemed in direct contact with the SPB (with no visible
bridges), and this MT usually had no end close to this
structure (Figure 5B and Movie S4). The other MTs in
each bundle appeared to be stacked around this anchor-
ing MT. Bundles were never in contact with both SPB
and NE.
In 1 case out of 12, MTs radiated from the SPBwith their
minus ends toward that structure (Figure 5C). Interest-
ingly, almost all these MTs showed parallel polarity. This
dissimilar cell’s length was7 mm. In all cases, SPB-asso-
ciated MTs were further from the NE than when not asso-
ciated with the SPB (Figure 5D).
In fluorescence images of cells expressing tubulin-GFP,
there is frequently one bundle that is brighter than the
others; this is the one commonly assumed to be associ-354 Developmental Cell 12, 349–361, March 2007 ª2007 Elsevated with the SPB. We examined the number of MTs in
bundles associated with SPBs and found them to have
a greater average number of MTs (5.7 ± 1.5, n = 12) than
the bundles that were not SPB associated (3.25 ± 2.5,
n = 16) (Figure 5F). However, there was no difference in
the length of MTs in these two classes of bundles.
Interaction of MT Bundles and Mitochondria
Connections between MTs and mitochondria have previ-
ously been described by fluorescence microscopy (Yaffe
et al., 1996, 2003). These associations were, however,
particularly clear in tomograms. We therefore examined
these connections in more detail. Mitochondria and
MTs cocluster, with the mitochondria appearing to be
stretched along the MTs (Figures 6A–6C). Further, mito-
chondria were often located between theMTs of a splayed
bundle (Figure 1A, red arrowheads, andMovie S5). In gen-
eral, extensively branched mitochondrial networks were
always associated with MTs (volume 0.23 ± 0.16 mm3, n =
9) (Figures 6D–6F and 6H), whereas non-MT-associated
mitochondria were smaller and unbranched (volume 0.02 ±
0.03 mm3, n = 9). MTs were often bent around or toward
mitochondria (Figure 6I), suggesting a connection
Figure 4. Neighbor Density Analysis Shows the Preferred
Distances between MTs
(A–B) A schematic cell (green) containing a representative MT bundle,
which is shown in transverse orientation (B) from the locations marked
with green lines on (A). Nucleus is in pink. (B) Frames from Movie S3
indicating cross-sections through the cell schematized in (A). Frames
from the nuclear region are under the pink bar.
(C) Data from three similar models of individual bundles, preferred MT
spacing is 25 nm, surface to surface.ier Inc.
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S. pombe Interphase MicrotubulesFigure 5. MT Bundles Associated with the SPB
(A) Lateral association between the SPB, which is on the cytoplasmic side of the nuclear envelope (NE), and its closest MT.
(B) 3D model of a typical SPB (yellow) associated a MT bundle (green); the closest MT lies like a bar across the SPB (white arrowheads). MT capped
minus ends (red) are not invariably directed toward the SPB; a few flared ends (turquoise) are near the centrosome equivalent.
(C) The sole example in which short MTs radiated from the SPB; their capped minus ends and a majority of the flared ends point to one side. (White
caps, ambiguous end.)
(D) MT bundle not associated with an SPB and therefore, closer to the NE.
(E) Lateral MT association with a duplicated SPB (courtesy of Mary Morphew).
(F) Comparison of numbers of MTs in a SPB-associated bundle and in a nonassociated bundle. White bar, 200 nm. Black bar, 100 nm.between them; however, we did not detect any bridges
like those found between MTs and the NE.
If MTs bind mitochondria, one would expect there to be
a preferred distance between the two (assuming one
mechanism). In agreement with this hypothesis, we found
a peak of preferred minimal distance between MTs and
mitochondria to be 20 nm (Figure 6J), comparable to
the MT-MT distances described above (Figure 4C).
In the full-cell volume reconstruction, we found 12 sep-
arate mitochondria of various sizes; these encompassed
a total membrane area of 22 mm2 and occupied 4% of
the total cell volume. Comparatively, the nucleus occu-
pied 9% of the cytoplasmic volume. Based on this evi-
dence, we suggest that the MT bundles are connected
to and shape this multicompartment organelle, which, in
turn, might influence the bundle architecture.
Most Vesicles Are Not Associated with MTs
Vesicle trafficking inmammalian cells is commonly depen-
dent on MTs (Lippincott-Schwartz, 1998). In yeast, how-
ever, there has been some indication of vesicle transport
inside actin patches, which, in turn, are transported on ac-
tin cables (Gachet and Hyams, 2005; Kanbe et al., 1989;
Marks et al., 1986; Motegi et al., 2001; Pelham andChang,
2001; Takagi et al., 2003). We have analyzed the spatial
relationships between vesicles and MTs in fission yeast
to see if vesicle trafficking is likely to depend on them.
S. pombe contains three distinguishable vesicle mor-
phologies that we treated as separate populations (Fig-
ure 7). Interestingly, these categories of vesicles includedDevelothe same fraction of the total vesicle population in each of
the three (partial) cells examined. Circa 80% of all vesicles
were small and electron dense (diameter 37 ± 5.7 nm; n =
197) (Figures 7A–7C). This group also contained a struc-
ture that has been previously described as filasomes
(Figure 7C), a secretory vesicle surrounded by a thick
ring of actin meshwork (Kanbe et al., 1989; Takagi et al.,
2003). The two remaining types of vesicles included large,
electron-dense vesicles (diameter 90 ± 21.7 nm; n = 28)
(Figure 7D–7F) and electron-transparent vesicles (diame-
ter 52 ± 18.2 nm; n = 25) (Figure 7G–7I) each type
comprised10%of the total population. However, the av-
erage vesicle size within these categories varied signifi-
cantly in different cells (p < 0.001) (Figure 7J). Vesicle sizes
and numbers mentioned here were measured in the full-
cell volume.
Vesicles were modeled as spheres of representative di-
ameters, and all three categories showed a clear prefer-
ence for the cell ends (Figure 7K and Movie S6). To study
the densely packed cytoplasm at a cell’s end, wemodeled
a dual axis tomogram of a cell end with all its organelles
(Figure 7L). Here, small dense vesicles appeared to be
more clustered around the Golgi apparatus, and large
dark vesicles were found mostly in close approximation
to the plasmamembrane and the ER (Figure 7MandMovie
S7). In this tip, only 1.6% of the vesicles were within 25 nm
of aMT (n = 128 vesicles) (Figure 7NandMovie S8). Hence,
we found no evidence for association with MTs. Further-
more, there was no apparent association between the
MTs and other organelles such as vacuoles, Golgi, and ER.pmental Cell 12, 349–361, March 2007 ª2007 Elsevier Inc. 355
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S. pombe Interphase MicrotubulesFigure 6. MT Bundles Are Intertwined with Mitochondria
(A) 3D model of a full-cell volume with MTs (green bundles) splaying around mitochondria (blue).
(B) Mitochondria that stretch along MTs are long and branched.
(C) Half the cell volume of a short cell (6.7 mm) with mitochondria (gold) arranged along MTs.
(D–G) Mitochondria associated with MTs are usually more branched and stretched than nonassociated ones, e.g., the one shown in (G).
(H) Mitochondria associated with MTs have larger volume than MT nonassociated mitochondria.
(I) A tomographic slice where an MT (white arrow) is bending along a mitochondria (M).
(J) Spatial density analysis showing the preferred distances between MTs and mitochondria in the full-cell volume (black line). The red line is a control
where MTs were repeatedly shifted by random displacements, and the favored distances were recalculated (Marsh et al., 2001). The smoothness of
the red line confirms that the black line’s peak, achieved frommeasurements in the real model, is not likely to occur randomly. White bar, 1 mm. Black
bar, 200 nm.DISCUSSION
Microtubule Bundle Structure
A precise knowledge of MT length, polarity, and distribu-
tion in cells is essential for understanding how these fila-
ments carry out their various functions. While a number
of LM studies in conjunction with the use of GFP and other
fluorescent protein tags provided good dynamic descrip-
tions of MT arrays, sufficient spatial resolution has been
lacking to identify several key parameters: (1) the number
ofMTs in a bundle; (2) MT polarity; (3) MT connections with
each other and with other organelles. Drummond and356 Developmental Cell 12, 349–361, March 2007 ª2007 ElsevCross (2000) presented evidence for an antiparallel ar-
rangement of MT bundles, based on images of GFP-tubu-
lin in live cells; dynamic MT ends (assumed plus ends)
grew toward both cell ends. Here, we have usedMT struc-
ture to determine polymer polarity. MT ends at or near the
cell tip were generally flared, a characteristic usually asso-
ciated with depolymerizing plus ends (Mandelkow et al.,
1991; O’Toole et al., 2003). Capped (minus) endswere sel-
dom found near the cell ends, confirming the MT polarities
seen in previous work.
We also suggest that the flared end is a growingMT end
morphology due to the following reasons: (1) Our cells areier Inc.
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S. pombe Interphase MicrotubulesFigure 7. Vesicle Trafficking in Fission Yeast Appears to Be MT Independent
(A–I) Vesicles were divided into three different populations: (A–C) small electron-dense vesicles, (D–F) large electron-dense vesicles, and electron-
transparent vesicles (G–I).
(J) Vesicle sizes within the populations differ between cells. Error bars = SD.
(K) Small dark vesicles (orange), large dark vesicles (blue), and light vesicles (pink) localize to cell ends.
(L) Mitochondria (dark blue), Golgi (yellow), electron-dense vacuoles (gray), light vacuoles (white), membrane clusters (red), endoplasmic reticulum
(dark yellow), vesicles and MTs show a dense packing just below the plasma membrane (dark green) in a cell end.
(M) Small dark vesicles cluster slightly around the Golgi, and large dark vesicles cluster below the PM.
(N) Vesicles show no preference for regions around MTs. White bar, 1 mm. Black bar, 100 nm.7 mm long. Thus, it should take the MTs 1 min to grow
half the cell’s length but only about 30 s to depolymerize
back to the cell’s midplane (growth speed 3 mm/min,
shrinkage speed 8.5 mm/min; from Busch and Brunner,
2004). Therefore, about twice as many MTs should be
growing as shrinking at steady state. (2)Microtubules grow
more slowly at the cell end for 1 min, before they begin
rapid shortening (D. Foethke, personal communication).
Hence, one would roughly expect 80% of the longest
MTs in a bundle (since the dynamics of only these are
measured in fluorescence microscopy) to be growing
and the remaining 20% to be shrinking. We found only
7% sheets (usually assumed to be growing; Chretien
et al., 1995) and 79% flared MT ends in these bundles, in-
dicating that this structure belongs to the growing popula-
tion. This is in agreement with O’Toole et al. (1999, 2003),
who saw >70% flared end morphology at the MT plus
ends in Saccharomyces cerevisiae and Caenorhabditis
elegans. On the contrary, studies in Arabidopsis showed
that only 1%–2% of the phragmoplast MT plus endsDevelowere flared (Austin et al., 2005), illustrating possible differ-
ences in MT physiology between different cellular ma-
chines.Moreover, it is plausible thatMTs visualized in vitro
show morphologically distinct end structures from the
equivalents captured in situ, due to the many proteins
that associate with that part of the polymer (Carvalho
et al., 2003).
Sagolla et al. (2003) provided arguments that the fluo-
rescence seen at the tip of the cell was likely to corre-
spond to only a single MT. Previous EM studies using se-
rial sectioning in S. pombe cells had revealed some finer
details about MT organization, but were not suitable to
track MT bundles through the cytoplasm toward the cell
end (Ding et al., 1997; Uzawa et al., 2004). In this study,
we traced individual MTs through the cytoplasm and
found only single MTs in direct contact with the PM at
the cell tip. Thus, deposition of proteins important for
cell growth could occur directly at the PM.
Our approach based on large-scale ET of plastic em-
bedded sections (Ho¨o¨g and Antony, 2007) provides anpmental Cell 12, 349–361, March 2007 ª2007 Elsevier Inc. 357
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detail. From such data, we have been able to provide the
first 3D reconstruction, to our knowledge, of a full eukary-
otic cell. Consequently, this is also the first study, to our
knowledge, where a whole MT cytoskeleton has been de-
scribed with precise length measurements (34.5 mm total
polymer) on individual MTs of identified polarity. In the mi-
totic spindle total polymer length varies between 47 mm
in the short spindle to over 70 mm in the long spindle
(Ding et al., 1993). We also found that most MTs in an
interphase bundle were short. In fact, 6% are below the
resolution of conventional fluorescence microscopy
(200 nm), and only few extended outside the nuclear over-
lap area inour ‘‘snap-shot’’ viewof theoverall organization.
A New Model of Bundle Architecture and Nucleation
In the current view of interphase MTs in fission yeast, two
antiparallel bundles overlap near the cell’s midplane, but
our electron tomography data are not fully consistent
with this model. In agreement with fluorescence studies,
we find capped MT ends (presumably minus) around the
nucleus and along existing MTs further away from the
iMTOC (Janson et al., 2005; Sawin et al., 2004; Zimmerman
and Chang, 2005). However, theminus ends show no spa-
tial preference for two loci within the perinuclear area,
as one would expect from the two antiparallel bundles
model; the overlap region does not show a discrete bipo-
larity. We suggest a novel model in which MT origins are
scattered in the perinuclear region and along existing
MTs. After a nucleation event, the new MT would self-
orient into a parallel or antiparallel fashion and bundle with
the existing MTs. The fast growing plus end would then
naturally grow toward the cell end it faces, creating one
linear bundle with scattered minus ends in the middle
region and with plus ends more commonly at the cell tip.
Recently, it was found thatMTs slide and nucleate along
other MTs within the bundles (Carazo-Salas et al., 2005;
Janson et al., 2005; Zimmerman and Chang, 2005). We
found ten occasions where a short MT with a capped
end (probably a g-TURC complex) was present outside
the nuclear area. Only one of these corresponded to a MT
with itsminus end pointing toward the nearer cell end. This
single MT of opposite polarity was in an iMTOC region,
away from the nucleus (Figure 1D). From live-cell imaging,
one would expect these short MTs to be transported back
to the iMTOC region by the kinesin Klp2 (Carazo-Salas
et al., 2005).
Bundling of Microtubules
We observed 25 nm long, electron-dense crossbridges
between MTs themselves and between MTs and the NE.
Since this is similar to the preferred minimal distance be-
tween MTs (found by neighbor density analysis), we sug-
gest that these visible crossbridges are responsible for
MT bundling. The components of these crossbridges re-
main unknown; however, Ase1 hasbeen shown tomediate
antiparallel MT bundling in fission yeast (Loiodice et al.,
2005; Yamashita et al., 2005). Further, the Ase1 plant ho-
molog, MAP65, bundles MTs by forming 25–30 nm long358 Developmental Cell 12, 349–361, March 2007 ª2007 Elseviecrossbridges in vitro (Chan et al., 1999; Smertenko et al.,
2004). Ase1p is therefore a likely candidate to form these
electron-dense bridges. However, a recent study has
shown that ase1D mutant’s ability to form bundles is de-
creased but not absent (Daga et al., 2006), indicating the
existence of more bundling factors. In a previous study,
proteins like tau and MAP2C were also shown to bundle
MTs with longitudinal distances around 25–30 nm (Chen
et al., 1992). Our nda analysis showed a second, smaller
peak at around 55–60 nm distance. This could come
from either (1) MTs at twice the minimal preferred distance
or (2) a secondMT bundler. Consistent with the theory of a
second bundling protein, MAP2 bundlesMTs at60 nm in
neuronal dendrites (Chen et al., 1992).
SPB Bundles Differ from Non-SPB Bundles
When interphase MTs in fission yeast were depolymerized
and then allowed to regrow, they were initiated by three to
six iMTOCs (Loiodice et al., 2005; Tran et al., 2001). Our
data suggest that the cytoplasmic face of the SPB is
one of these iMTOCs since there was always an MT bun-
dle attached to it. However, most MTs were laterally asso-
ciated with the SPB, so it is uncertain weather the SPB ac-
tively nucleates MTs in interphase (Masuda et al., 1992).
Nonetheless, the SPB appears to provide a favorable en-
vironment for MT nucleation or stabilization during inter-
phase since we found an average of twice as many MTs
in the bundles associated to it as in non-SPB bundles.
MT Interactions with Mitochondria and Transport
Vesicles
It is known that large organelles such as the nucleus, mi-
tochondria, and the Golgi complex interact with cytoplas-
mic MTs (Ayscough et al., 1993; Tran et al., 2001; Yaffe
et al., 1996). We often observed that MT bundles splayed
apart, and almost invariably there was a mitochondrion at
the site where the MTs diverged. Hence, mitochondria
seem to influence MT bundle morphology. On the other
hand, MTs appear to influence the shape of mitochondria
sincemitochondria attached toMTs appear asmore retic-
ulated and stretched than those that are not attached.
Moreover, nonattached mitochondria were smaller and,
in general, were positioned closer to the cell tips. It has
previously been shown that the distribution of mitochon-
dria in fission yeast is MT dependent (Yaffe et al., 1996,
2003). This attachment depended on the protein Mmd1
(Weir and Yaffe, 2004). However, no electron-dense
bridges between MTs and mitochondria, which could
correspond to the Mmd1, could be identified in our tomo-
grams. Still, a preferred minimum distance of around
20 nm, similar to the MT-to-MT distances, was found
between MTs and mitochondria.
On the contrary, vesicles do not seem to be transported
along MTs in fission yeast but are rather found in ribo-
some-free areas, some of which contains a fuzzy structure
that could be patches of actin, which have previously been
suggested to transport vesicles (Gachet and Hyams,
2005; Takagi et al., 2003). Secretion is not influenced by
the loss of MTs in fission yeast (Ayscough et al., 1993).r Inc.
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pendent of cytoplasmic MTs (Huffaker et al., 1988). Here,
vesicles were found in three different populations, the di-
ameter of which changed between samples. This could
possibly reflect the nutritional status of the culture at the
time of freezing. The small electron-dense vesicles had
a diameter of only 26 nm in one cell. This is half of the di-
ameter measured in mammalian cells (Marsh et al., 2001).
However, small vesicles 20–30 nm have also been found
in budding yeast that are thought to be part of the endo-
cytic pathway (Mulholland et al., 1999). Therefore, we sug-
gest these small vesicles to be possible yeast specific
transport intermediates. In summary, the large volume
ET approach developed here has unraveled several novel
features of ultrastructural organization in the context of
a whole eukaryotic cell.
EXPERIMENTAL PROCEDURES
Specimen Preparation for Electron Microscopy
Wild-type fission yeasts in log-phase growth were cryoimmobilized by
high-pressure freezing with a BAL-TEC HPM 010. Fixation occurred
during freeze substitution with anhydrous acetone containing 0.1%
dehydrated glutaraldehyde, 0.25% uranyl acetate, and 0.01% osmium
tetroxide (OsO4). Substitution was initiated by 36 hr at90C; the tem-
perature was then increased 10C per hour to 45C. Plastic infiltra-
tion was carried out in steps (3:1 acetone:lowicryl [HM20] ratio and
then 1:1, 1:3, and finally two times neat Lowicryl, each step lasting
1–3 hr) at this temperature before UV polymerization was started. Po-
lymerization continued for 45 hr at this temperature before it was in-
creased to room temperature at 10C per hr and then left illuminated
for another 12 hr before the embedding was complete.
Serial semithick sections (210–250 nm) were cut with a Leica Ultra-
cut UCT microtome. Sections were collected on Formvar-coated, pal-
ladium-copper slot grids and poststained with 2% UA in 70% metha-
nol, followed by Reyonolds lead citrate. Cationic gold particles (15 nm)
from Brittish Bio Cell were applied to both sides of the grid to be used
as fiducial markers.
Electron Tomography
For tomography, the grids were placed in either high-tilt holder (Model
2020; Fischione Instruments; Corporate Circle, PA) or high-tilt rotate
holder (Model 650; Gatan, Pleasanton, CA). Low-magnification maps
of serial sections were made by using the Navigator function in the
SerialEM software (Mastronarde, 2005). From these maps, short cells
oriented along the tilt axis andpresent inmany serial sectionswere local-
ized andmarked. Digital images (Gatan Ultrascan 890 or 895, pixel size
1.5 nm) were taken every 1.5 over a ±60–65 range on a FEI Tecnai
TF20 electron microscope. Montaged tomograms, including 1 3 3 or
1 3 2 frames, were collected as a standard to acquire the whole-cell
length at a magnification of 14,5003. The tilted images were aligned
by using the positions of the fiducal gold particles, and tomograms
were generated by the R-weighted back-projection algorithm on
a Sun opteron computer with 12 GB RAM. To compensate for material
collapse during electron beam exposure, the z scale of the model was
adjusted tomake the nucleus, and cytoplasmic vesicles appear round.
To reconstruct large or complete cellular volumes, montaged tomo-
grams were collected from adjacent serial sections, aligned, and
joined by using the eTomo graphical user interphase (Ladinsky et al.,
1994; Marsh et al., 2001; O’Toole et al., 2003). The ease with which
such tomograms can be acquired with the serialEM software, in addi-
tion to the fast data export from the four-port CCD camera, enabled us
to obtain data from the equivalent of >200 single-frame, single-axis
tomograms. Large volumes of 17 different cells were reconstructed.DeveloModeling and Analysis of Tomographic Data
Tomograms were displayed as slices one voxel thick, modeled, and
analyzed with the IMOD software package (Kremer et al., 1996). The
plasma membrane, nuclei, and mitochondria were modeled on the se-
rial slices extracted from the tomogram. MTs were tracked with the
‘‘slicer’’ tool, which can display a slice extracted from a 3D volume in
any position or orientation. The morphology of MT ends was analyzed
and marked with color-coded scattered points to distinguish between
capped and open ends (O’Toole et al., 1999, 2003). A projection of the
3D model was displayed and rotated to study the 3D arrangement of
MT bundles. MT lengths and organelle volumes were extracted with
the IMODINFO program. When measuring the major bundle lengths,
we ignored single and paired MTs. Distances between MTs were ana-
lyzed with the neighbor density analysis program (nda) (McDonald
et al., 1992) after having converted the tomogram to a 3D serial section
model with the resamplemod program. 3D distances between MTs
and mitochondria were measured with the MT kissing (mtk) program
(Marsh et al., 2001).
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